I
nfluenza is a serious respiratory disease spreading around the world, causing seasonal epidemics and recurrent outbreaks, resulting in more than 220,000 hospitalizations. Approximately 36,000 people die in the United States every year (1, 2) . The experience with the 2009 H1N1 pandemic demonstrated that conventional vaccination showed a significant delay in controlling the new pandemic spread. Significant shortages and delays happened in the supply of the 2009 pandemic vaccine, due in part to lower growth in egg substrates compared to those observed with seasonal vaccines. New approaches are therefore needed to develop an effective influenza vaccine that can be rapidly produced on a large scale with low production costs.
Virus-like particles (VLPs) are noninfectious, thus requiring no exceptional biosafety containment, and can be manufactured rapidly. They present structurally native, immunologically relevant viral antigens. Influenza VLPs, as a promising vaccine candidate, have been shown to induce high neutralizing antibody titers and strong protective immunity (3) (4) (5) (6) (7) . Influenza VLP vaccines were shown to be more immunogenic and to provide better protection than a commercial split vaccine in ferrets (8) or a soluble hemagglutinin (HA) protein vaccine (9) , indicating the possibility that influenza VLPs could be a new vaccine platform (10, 11) .
Skin is considered an important peripheral immune organ rich in potent immune-inducing cells, including Langerhans cells (LCs), dermal dendritic cells (DCs), and keratinocytes (12) (13) (14) (15) . Thus, vaccine delivery via skin has been suggested to be an attractive approach for vaccination, especially using a microneedle patch (16) (17) (18) (19) (20) (21) (22) (23) . Microneedles are micrometer-scale needles that can be coated with vaccine for simple, painless, and targeted delivery of the vaccine to the skin (24) . It was also reported that microneedle vaccination induces protective immunity at a lower dose and provides vaccine dose-sparing effects (25) . In addition, skin immunization with microneedles coated with influenza VLPs or inactivated viral vaccines in the presence of a stabilizer, trehalose, was shown to induce better protection than intramuscular immunization (19, 20, 26, 27) . However, protective immunity longer than 6 months has received only limited attention after microneedle vaccination (28) .
In this study, we determined the protective efficacy of influenza VLP vaccine delivered to the skin using coated microneedles. Microneedle vaccine effects after over a year of immunization were compared in formulations with and those without trehalose as a stabilizer. We found that stabilized microneedle vaccination in the skin provided improved efficacy of protection after 14 months of vaccination.
MATERIALS AND METHODS
Virus and cells. Influenza virus, A/PR/8/1934 (H1N1, abbreviated A/PR/ 8), was grown in 10-day-old embryonated hen's eggs for 2 days at 36 to 37°C. Allantoic fluids were harvested from infected eggs after storage overnight at 4°C and centrifuged to remove cell debris. The virus was purified from allantoic fluids by using a discontinuous sucrose gradient (15%, 30%, and 60% layers) and ultracentrifugation (at 28,000 rpm for 60 min). The purified virus was inactivated by mixing the virus with formalin at a final concentration of 1:4,000 (vol/vol). For use in challenge experiments, mouse-adapted A/PR/8 was prepared as lung homogenates of infected mice as described previously (6) . Spodoptera frugiperda Sf9 cells were maintained in suspension in serum-free SF900II medium (Gibco-BRL). MDCK cells were grown and maintained in Dulbecco's modified Eagle's medium (DMEM).
Preparation of influenza VLPs and microneedle patches. Influenza VLPs containing hemagglutinin (HA) and matrix M1 derived from A/PR/8 were prepared as described previously (6) . Briefly, Sf9 insect cells were coinfected with recombinant baculoviruses expressing HA and M1 at multiplicities of infection of 2 and 1, respectively. Influenza VLPs released into culture medium were purified using (15%, 30%, and 60% layers) ultracentrifugation (28,000 rpm, 60 min). The purified VLPs were characterized by Western blot and hemagglutination activity analysis (6, 29) . The content of HA was approximately 10% of total proteins of influenza VLPs, which is similar to that found in a previous report (6) .
Microneedle preparations and coatings were performed as described previously (27, 30) . Briefly, rows of solid metal microneedles were fabricated by cutting needle structures from stainless sheets (SS304, 75-m thickness; McMaster-Carr, Atlanta, GA) using an infrared laser (Resonetics Maestro, Nashua, NH), and the microneedles measured 700 m in length and 160 m in width. In order to apply a vaccine as a coating on the surface of microneedles, microneedles were dipped six times at 25°C into coating solution using a dip-coating device. The coating solution was composed of 1% (wt/vol) carboxymethyl cellulose (CMC) sodium salt (Carbo-Mer, San Diego, CA) and 0.5% (wt/vol) Lutrol F-68 NF (BASF, Mount Olive, NJ) with or without 15% (wt/vol) D-(ϩ)-trehalose dihydrate (Sigma-Aldrich, St. Louis, MO). Four micrograms of influenza VLPs (total proteins) was applied as a coating onto a microneedle array with 5 needles in the presence or absence of a trehalose disaccharide stabilizer (15% [wt/vol]; Sigma-Aldrich). Although trehalose may slightly improve delivery kinetics due to its solubility characteristics, the main function of trehalose is to stabilize the HA of VLPs (20, 25, 26, 30) . Microneedles coated with VLP vaccines were used to vaccinate animals. Mock vaccination was carried out using microneedles without VLP vaccine.
Immunization and challenge infection. Female inbred BALB/c mice (Charles River) aged 6 to 8 weeks were used. Groups of mice (12 mice per group) were immunized with a microneedle array coated with VLP vaccine (4 g total VLP proteins) for delivery to the skin. For microneedle delivery, mice were anesthetized with ketamine (110 mg/kg of body weight, Abbott Laboratories) mixed with xylazine (11 mg/kg; Phoenix Scientific). Hair on the dorsal surface of mice was removed with hairremoving cream (Nair) with a moisturized cotton stick. After cleaning with a soaked cotton ball (70% ethanol) and drying with a hair dryer, an array of vaccine-coated microneedles was inserted into the skin and held for 10 min for release of the vaccine antigen from the coated microneedle.
For challenge infections, mice lightly anesthetized with isoflurane were intranasally infected with a lethal dose of A/PR8 virus (10ϫ 50% lethal dose [LD 50 ]) in 50 l of phosphate-buffered saline (PBS) at 14 months after a single VLP vaccine dose. Mice were observed daily to monitor changes in body weight and to record mortality. We followed an approved Emory University Institutional Animal Care and Use Committee (IACUC) protocol for this study, in which animals losing more than 25% body weight were euthanized.
Antibody responses and HAI titer. Influenza virus-specific total IgG or IgA antibody responses were determined on enzyme-linked immunosorbent assay (ELISA) plates coated with inactivated A/PR8 viral antigen and by using anti-mouse IgG isotype-specific secondary antibodies as described previously (6) . ELISA titers were defined as the reciprocal of the highest dilution with an optical density (OD) value that is twice the OD background. For determination of hemagglutination inhibition (HAI) titers, serum samples were first treated with receptor-destroying enzyme (Denka Seiken) by incubation overnight at 37°C and then incubated for 30 min at 56°C. Sera were serially diluted, mixed with 4 HA units (HAU) of influenza A/PR8 virus, and incubated for 30 min at room temperature prior to adding 0.5% chicken red blood cells. The reciprocal of the highest serum dilution preventing hemagglutination was scored as the HAI titer.
Lung viral titer and lung inflammatory cytokine assays. Lung viral titers at day 4 postchallenge were determined by counting plaques formed on the MDCK cells as described previously (6) . The whole-lung extracts prepared as homogenates using frosted glass slides were centrifuged at 1,000 rpm for 10 min to collect supernatants. The lung supernatants were frozen and kept at Ϫ70°C until used for immunoglobulin and virus titers and cytokine assays. Inflammatory cytokines gamma interferon (IFN-␥), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-␣) in lungs and bronchoalveolar lavage fluid (BALF) collected at day 4 postchallenge were analyzed by the Ready-Set-Go cytokine kit (eBioscience) according to the manufacturer's procedure as previously described (31, 32) .
Analysis of antibody-secreting cell response in vitro and antibody responses postchallenge. Virus-specific antibody responses were determined from serum, lung, bone marrow, and spleen at day 4 postchallenge using ELISA (6, 20, 29) . To determine antibody-producing cell responses in vitro, bone marrow and spleen cells were cultured in multiscreen 96-well filtration plates (Millipore) coated with inactivated A/PR/8 viral antigen with RPMI medium for 2 and 4 days (5 ϫ 10 5 cells per well), and levels of virus-specific antibodies secreted into the culture medium were determined (6, 20, 29) .
Histopathology. Mice were challenged with A/PR/8/34 virus after 6 months of immunization with 4 g of influenza VLPs. For histological analysis of lung tissue, mice were anesthetized with isoflurane and exsanguinated from the abdominal aorta. Lung samples were fixed in 10% neutral buffered formalin for 48 h, transferred to 70% ethanol, embedded in paraffin blocks, sectioned into a thickness of 5 m, and stained with hematoxylin and eosin (H&E) as described previously (33, 34) .
Statistics. All parameters were recorded for individuals within all groups. Three independent experiments have been performed, and the data shown in the figures consist of the averages of several independent experiments. Statistical comparisons were carried out using the analysis of variance (ANOVA) and Npar one-way Kruskal-Wallis tests of the PC-SAS system. P values of 0.05 or less were considered significant.
RESULTS
High levels of long-lasting virus-specific antibodies were achieved after microneedle VLP vaccination. Our previous studies demonstrated that trehalose-stabilized microneedle influenza vaccines were effective in inducing higher recall immune responses and enhanced immunity (20, 26, 30) . In the present study, to determine long-term antibody responses after skin delivery of vaccines, groups of mice were immunized in the skin with influenza VLPs using coated microneedles with and without trehalose stabilizer. Levels of total IgG antibody titers specific to influenza virus (A/PR/8) were determined in serum samples collected at 1 and 2 weeks and 1, 2, 3, 7, 10, and 13 months after a single vaccination and at month 14 after challenge (Fig. 1) . At an early time point of 1 week, virus-specific IgG antibody levels were detected at very low levels (Fig. 1A) . At week 2 after microneedle vaccination, IgG antibodies were detected at increased levels ( Fig. 1A ; *, P Ͻ 0.05). At month 1 after microneedle vaccination, both the trehalose-stabilized microneedle group (VT) and the trehalose-free microneedle group (V) showed high levels of virus-specific antibodies compared to that at week 2 ( Fig. 1A ; **, P Ͻ 0.01) and then maintained high levels at months 2, 3, 7, and 10 and up to month 13 after microneedle vaccination (Fig. 1A and B) . IgG titers in the VT group were significantly higher than those in the V group at all time points except week 1 (P Ͻ 0.05). Interestingly, the trehalosestabilized VT group showed a trend of inducing higher levels of IgG2a isotype antibody levels (see Fig. S1 in the supplemental material).
Groups of mice were challenged 14 months after microneedle vaccination. A significant increase in levels of virus-specific antibodies was observed at day 4 postchallenge in both stabilized (VT) and nonstabilized (V) microneedle groups over that prior to challenge ( Fig. 1B ; **, P Ͻ 0.01). In particular, we observed a greater increase in virus-specific antibody titers from the trehalose-stabilized microneedle group (VT) compared to that in the trehalosefree microneedle group (V) as well as higher levels of IgG2a isotype antibodies in the VT group at day 4 postchallenge (see Fig. S1 in the supplemental material). Taken together, stabilized microneedle immunization could induce effective memory B cells that differentiate rapidly into antibody-secreting cells upon exposure to viral infection. The results also suggest that microneedle immunizations in the skin with VLP vaccines (VT and V) were effective in inducing virus-specific antibodies for a long period of time.
Stabilized microneedle vaccine contributes significantly in enhancing recall HAI activity compared to trehalose-free microneedle vaccine. Titers of hemagglutination-inhibiting activity are used as a criterion in assessing vaccine efficacy. We determined HAI titers in serum samples collected at different time points after microneedle vaccination. At week 2 after microneedle vaccination, an increased HAI titer was observed ( Fig. 2 ; *, P Ͻ 0.05) compared to week 1 and week 0. At 1 month after microneedle vaccination, an HAI titer of approximately 80 was observed and maintained up to 13 months ( Fig. 2 ; *, P Ͻ 0.05). No significant differences were found between the trehalose-stabilized (VT) and nonstabilized (V) microneedle influenza VLP vaccines. However, when serum samples were collected at day 4 postchallenge, significant increases of HAI titers were detected in both trehalose-stabilized and nonstabilized groups ( Fig. 2 ; *, P Ͻ 0.05, and **, P Ͻ 0.01). Interestingly, the trehalose-stabilized group showed much higher increases in HAI titer ( Fig. 2 ; *, P Ͻ 0.05) than did the nonstabilized group. These results suggest that stabilization of microneedles coated with influenza vaccines using trehalose may be important in inducing a high level of recall HAI activities, which are functional and protective antibody responses to influenza virus.
Stabilized microneedle influenza VLP vaccine confers improved protection. To determine and compare the long-term protective efficacies after delivery of influenza VLP vaccines, groups of mice, including those microneedle treated with (VT) or without (V) trehalose, were challenged with a lethal dose of A/PR/8 virus (10 LD 50 ) 14 months after a single microneedle vaccination. All mice in the mock-vaccinated negative-control group rapidly lost body weight and were euthanized when body weight loss was over 25%. Mice vaccinated with nonstabilized microneedle vaccine exhibited substantial body weight losses up to with microneedles coated with 4 g of influenza VLPs. At weeks 1 and 2 (W1 and W2) and months 1, 2, 3, 7, 10, and 13 (M1, M2, M3, M7, M10, and M13) after a single-dose vaccination, blood samples were collected. At month 14, mice were challenged with a high lethal dose of A/PR8 virus (10ϫ LD 50 ) and IgG levels were measured 4 days after challenge (AC). The groups of immunized mice were designated V (microneedle vaccine without trehalose), VT (microneedle vaccine with trehalose as a stabilizer), and Mock (placebo microneedles with coating buffer only). Significant differences were detected between W1 and W2 (*, P Ͻ 0.05), W2 and M1 (**, P Ͻ 0.01), and M13 and AC (**, P Ͻ 0.01). Three independent experiments have been performed, and the data shown in the figures consist of the averages of several independent experiments. Data show averages Ϯ standard errors of the means from 6 mice.
FIG 2 Hemagglutination inhibition titers. HAI titers were determined at
weeks 0, 1, and 2 (W0, W1, and W2) and months 1, 2, 3, 7, 10, and 13 (M1, M2, M3, M7, M10, and M13) postimmunization and at day 4 postchallenge (AC). Significantly higher HAI titers were found from week 2, and higher titers were found from month 1 postvaccination and maintained until month 13 compared to week 1 or week 2 (*, P Ͻ 0.05; **, P Ͻ 0.01). V, microneedle vaccine without trehalose; VT, microneedle vaccine with trehalose. Data show averages Ϯ standard errors of the means from 6 mice. approximately 10%, whereas mice vaccinated with stabilized microneedle vaccine showed no body weight loss (Fig. 3A) . Both groups of mice showed 100% survival protection (Fig. 3B) .
To better assess the efficacy of vaccines, we determined viral titers in lungs at day 4 postchallenge. The mock control group showed the highest viral titers of 5 ϫ 10 5 PFU. Virus titers were below the limit of detection in the mice vaccinated with stabilized microneedle vaccine (Fig. 4A) . The nonstabilized microneedle vaccination group showed 2 ϫ 10 3 PFU/ml ( Fig. 4A ; *, P Ͻ 0.01), which is 200-fold less than the mock-vaccinated control group. To determine whether microneedle vaccination would diminish an inflammatory response due to influenza viral replication in lungs, we measured levels of inflammatory cytokines, IFN-␥ and IL-6, in lung extracts at day 4 postchallenge (Fig. 4B) . IFN-␥ was not detected in lung extracts of mice vaccinated with stabilized microneedle vaccine, while mice immunized with nonstabilized microneedle vaccine and the mock-vaccinated control group showed 200 and 500 pg/ml IFN-␥, respectively ( Fig. 4B ; *, P Ͻ 0.05). IL-6 levels showed a similar patterns of IFN-␥ (Fig. 4C) . These results indicate that stabilized microneedle influenza VLP vaccination was more effective in inducing protection and in controlling lung viral replication than nonstabilized microneedle VLP vaccination.
Levels of lung IgG antibodies were detected at higher levels than IgA antibodies ( Fig. 5A and B) . In particular, the stabilized microneedle group showed significantly higher levels of virus-specific lung IgG and IgA antibodies than those in the nonstabilized microneedle group ( Fig. 5 ; *, P Ͻ 0.01). Thus, these results further indicate that trehalose-mediated stabilization of microneedle influenza VLP vaccines is important for improving long-term protective immunity.
Microneedle vaccination induces long-lived antibody-secreting cell responses.
In general, vaccine antigen-specific cells such as memory B cells and plasma cells are present at low levels at the memory state after vaccination. Therefore, we determined recall antibody-secreting cell responses shortly after challenge. Spleen and bone marrow cells were harvested at day 4 postchallenge, which was a time point of 14 months after microneedle vaccination. The stabilized microneedle vaccination elicited higher levels of recall antibody-secreting cells from spleens after 2 and 4 days of in vitro cultures in the presence of inactivated A/PR/8 viral antigen than did nonstabilized microneedle or placebo vaccination ( Fig. 6A ; P Ͻ 0.05). Similar levels of antibody-secreting cell responses were detected from bone marrow cell cultures in both microneedle vaccine groups (Fig. 6B) . These results indicate that microneedle vaccination in the skin induces long-lived cells capable of producing antibodies specific to virus. 
DISCUSSION
Our previous studies showed that skin vaccination with influenza VLP-coated microneedles provided higher short-term efficacy of protection than did intramuscular immunization. Thus, the capability of inducing long-term protective immunity by vaccination using VLP-coated microneedles would be an important added strength of this approach. In this study, we focused on long-term protective immunity after single microneedle vaccination with influenza VLPs in the presence and absence of a trehalose stabilizer. Results indicate that complete virus clearance was found 14 months after stabilized microneedle vaccination without any body weight loss.
Immune parameters such as IgG response, HAI titer, lung virus titer, lung IgG or IgA response, lung inflammatory cytokine IFN-␥ response, cellular response or memory response, body weight change, and survival rate are informative in assessing the influenza vaccine-induced efficacy. All these immune parameters are likely contributing to clearing lung viral loads and protection against lethal influenza virus challenge. Inflammatory cytokines (IFN-␥, IL-6, and TNF-␣) in lung homogenates (lungs) and BALF at an early time point of virus challenge probably were induced nonspecifically and measured as a result of inflammation due to influenza virus infection ( Fig. 5 ; see also Fig. S2 in the supplemental material). We have not determined what cells produce inflammatory cytokines, although it is assumed that natural killer cells and nonspecifically activated CD4 and CD8 T cells would contribute to the excess production of inflammatory cytokines as natural innate immune responses to viral infection. The levels of inflammatory cytokines in lung extracts were highest in unvaccinated naive mice that were infected with A/PR8 virus (see Fig. S2 ) in contrast to those in the VLP-vaccinated and A/PR8 virus-infected mice (vaccine plus virus; see Fig. S2 ). Peripheral bronchioles of lung sections after H&E staining showed necrotizing bronchiolitis, and alveolar space contained infiltrates of mixed inflammatory cells after A/PR8 virus infection (see Fig. S3 ). There was a correlation between levels of IFN-␥ in lung homogenates and infiltrates in H&E staining of lung histology (see Fig. S3 ).
In particular, clearance of virus in lungs is considered to be an important and sensitive barometer for evaluating vaccine efficacy. Different types of microneedle influenza vaccines and efficacies have been demonstrated. Substantial amounts of viral loads with a range of 10 4 -to 10 5 -PFU titers were detected in mice that were immunized on the skin using microneedles coated with 0.4 to 2 g H5 HA VLPs derived from influenza A/Vietnam/1203/04 virus (21, 35) . Also, 10 2 -to 10 3 -PFU lung viral titers and weight losses of 5 to 10% were observed in mice immunized with microneedle vaccines coated with 3 g of split A/Brisbane/59/2007 vaccine, which are approximately 10-to 50-fold less than the infected naive control group (36) . A low level of lung viral titers (10 2 -PFU titers) was reported in mice after 5 weeks of microneedle vaccination with 0.4 g inactivated A/PR/8/34 H1N1 virus (20) . In summary, previous studies demonstrated a certain level of lung virus titers and body weight loss. Also, microneedle vaccine-induced efficacies in mice are different depending on influenza virus strains, vaccine doses, prime-boost immunizations, and timing of postimmunization at the time of challenge. In this study, immunization with a high dose (4 g) of microneedle vaccines induced high levels of IgG antibody responses (before challenge) regardless of trehalose stabilization, which is consistent with an early study of microneedle vaccination without trehalose (23) . Dosage effects and higher immunogenicity of microneedle VLP vaccines were previously demonstrated when a low dose of 0.4 g of vaccines was used to immunize mice (20, 25, 26) . Nevertheless, we observed that stabilized microneedle vaccination with 4 g HA VLPs (derived from A/PR/8/34) was able to provide lung virus clearance and prevent weight loss in lethal challenge infection for a long period of 14 months.
Influenza hemagglutinin (HA) stability is likely to play an important role in providing long-term protective immunity. Our previous studies demonstrated that inclusion of 15% trehalose in the microneedle coating formulation resulted in retaining the HA activity of VLPs over 60% after a 1-day drying process in contrast to less than 10% HA activity of VLPs from coated microneedles without trehalose (26, 30) . HAI titers were maintained at similar levels for 13 months after vaccination between stabilized and nonstabilized microneedle vaccination groups. Interestingly, HAI titers were found to increase rapidly in the stabilized microneedle vaccine group upon challenge. Differences in host protective immune responses of two microneedle vaccine groups were found to be more evident after challenge. The experimental data for improved protection include no detectable lung viral titers, no loss in body weight, and higher levels of protective host responses such as significant increases in HAI titers and vaccine antigen-specific recall antibody-secreting cell responses. We have shown that IgG2a isotype antibody and Th1 dominant immune responses were due to increased stability of the HA in the trehalose-stabilized microneedle vaccination (20) . There was no significant difference in bone marrow antibody-secreting cell responses between stabilized VT and nonstabilized V groups. However, higher levels of splenic B cells secreting antibodies were detected in the stabilized microneedle vaccination at an early time point after challenge, which was also reflected by enhanced serum total IgG antibodies ( Fig. 1) and IgG2a isotype antibody levels (see Fig. S1 in the supplemental material). Stabilized microneedle vaccination was highly effective in inducing improved protection. Therefore, maintaining influenza virus HA antigen stability in vaccines is important in providing long-term protective immunity.
The present study implies an important aspect in evaluating the efficacy of experimental vaccines. Immunogenicity itself may not reflect a good correlation with protective efficacy. At month 13 after vaccination and at an early time point of challenge, levels of binding antibodies did not show obvious differences between the two groups of microneedle-vaccinated mice. Even the HAI titers, a measure of functional antibodies for predicting protection against influenza virus, did not show a significant difference at 13 months after vaccination. However, protective efficacy was significantly improved in the stabilized microneedle group after challenge (Fig. 3) . It is likely that applying influenza vaccines as a coating onto microneedles in the absence of stabilizer might have resulted in exposing nonneutralizing domains of influenza virus HA proteins in a denatured conformation. These conformational changes are inferred from a result of decreased hemagglutination activity of coated microneedle vaccines (25, 27) . This might explain similar levels of binding antibodies in both stabilized and nonstabilized groups. An insignificant difference in qualitative antibody levels was rapidly expanded upon infectious virus challenge, as shown by a significant increase in HAI titers. Therefore, developing an appropriate challenge-protection animal model should be an essential feature of evaluating the vaccine efficacy.
Another important arm of host immunity to pathogens is T cell immune responses. Although we have not investigated T cell immunity in this study, there is a possibility that T cell immune responses induced by stabilized microneedle vaccination might have contributed to improved protection observed. In previous studies, we observed enhanced T cell responses after stabilized microneedle vaccination compared to intramuscular immunization or nonstabilized microneedle vaccines (20, 26) . Also, intradermal vaccination in the elderly population was reported to be more effective in inducing protective immune responses, including CD4 or CD8 T cell responses (37) (38) (39) (40) (41) (42) . As a future direction, it is important to study long-term T cell immune responses after microneedle skin vaccination.
Overall, the literature suggests that microneedle skin vaccination can offer important advantages. Influenza VLP microneedle vaccination generated dose-sparing effects and robust HAI titers (20, 26, 43) . Microneedle skin delivery of inactivated influenza vaccine induced better control of viral replication and reduced inflammatory responses in the lungs (43) . In addition, skin microneedle vaccination provides important logistic advantages. Microneedle skin vaccination can probably be administered by patients themselves, significantly increasing the coverage of vaccination. It can also eliminate or reduce the risk of needle-associated injury and reuse of needles and syringes (43) . These advantages from both immunologic and logistic benefits, combined with long-term protective immunity as presented in this study, indicate that microneedle delivery to the skin may offer a strategy for improved influenza vaccination.
In conclusion, this study demonstrated that highly effective longterm immunity to influenza was induced by skin vaccination using microneedles coated with VLPs. Stabilized microneedle VLP vaccine conferred rapid increases in functional antibody responses and effective viral clearance resulting in improved long-term protection after lethal challenge. Thus, microneedle delivery to the skin using nonreplicating influenza VLPs has the potential to become an effective vaccine for inducing long-term protective immunity.
